Schneider, DK, Gokeler, A, Otten, E, Ford, KR, Hewett, TE, Divine, JG, Colosimo, AJ, Heidt, RS, and Myer, GD. A Novel mass-spring-damper model analysis to identify landing deficits in athletes returning to sport after anterior cruciate ligament reconstruction. J Strength Cond Res 31(9): 2590-2598, 2017-A mass-spring-damper (MSD) model may serve as an extension of biomechanical data from 3-dimensional motion analysis and epidemiological data which helps to delineate populations at risk for anterior cruciate ligament (ACL) injuries. The purpose of this study was to evaluate such a model. Thirtysix ACL reconstruction (ACLR) group subjects and 67 controls (CTRL) completed single-leg drop landing and single-leg broad jump tasks. Landing ground reaction force data were collected and analyzed with an MSD model. Medians, interquartile ranges, and limb symmetry indices (LSIs) were calculated and comparisons were made within and between groups. During a single-leg drop landing, the ACLR group had a lower spring LSI than the CTRL group (p = 0.015) and landed with decreased stiffness in the involved limb relative to the uninvolved limb (p = 0.021). The ACLR group also had an increased damping LSI relative to the CTRL group (p = 0.045). The ACLR subjects landed with increased stiffness (p = 0.006) and decreased damping (p = 0.003) in their involved limbs compared to CTRL subjects' nondominant limbs. During a single-leg forward broad jump, the ACLR group had a greater spring LSI value than the CTRL group (p = 0.045). The CTRL group also recorded decreased damping values in their nondominant limbs compared with the involved limbs of the ACLR group (p = 0.046). Athletes who have undergone ACLR display different lower-limb dynamics than healthy controls, according to an MSD model. Quadriceps dominance and leg dominance are components of ACLR athletes' landing strategies and may be identified with an MSD model and addressed during rehabilitation.
INTRODUCTION

I
njury to the anterior cruciate ligament (ACL) of the knee is a common sports injury that can lead to physical and emotional impairment in the short term and has a high potential to progress to permanently reduced athletic participation in the long term (49) . Athletes are generally counseled that reconstructive surgery is necessary for return to full preinjury activities (38) . Unfortunately, ACL reconstruction (ACLR) does not guarantee a return to previous levels of activity, high-level knee functions, or future joint preservation (35) . Moreover, for those who do resume their previous level of activity, the risk of a second ACL injury may be as high as 29% (56) . The risk can be associated with several factors such as the type of graft (7, 22, 37) , level of sports (30, 61, 63) , sex (8, 55, 56) , age (1, 3, 6, 15, 29, 31, 34, 36, 60, 63) , time since surgery (59) , and biomechanical adaptations during dynamic tasks (57) . Although several of these factors are nonmodifiable, the biomechanical components of a second ACL injury risk may be effectively addressed with targeted neuromuscular training before unrestricted sports participation (12) . Hence, studies of lower-extremity biomechanics are becoming more prevalent as researchers strive to further understand the complexities of lower-extremity mechanical risk factors after ACLR (14, 20, 44, 65) .
In particular, stiffness has gained interest in relation to lower-extremity injuries (9) . A single-leg hop task performed by a cohort of patients after ACLR revealed significant interlimb differences in that the involved leg had a reduced ability to absorb vertical ground reaction forces (VGRFs) (44) . In its simplest sense, stiffness is the relationship between the deformation of a body and a given force. Although some stiffness may be necessary for performance, either too much or too little stiffness may lead to injury (9) .
In terms of the human body, stiffness may be examined with a variety of methodology from the muscle fiber level to modeling the entire body as a mass and spring (9) . There are 2 popular approaches to the modeling of the musculoskeletal system, namely musculoskeletal modeling or a mass-spring-damper (MSD) modeling approach (51) . In the latter approach, a number of masses represent the inertial properties of body segments, accounting for both hard and soft tissues. The mechanical properties of the various body segments, including bones, muscles, tendons, and ligaments, are represented in the model by springs and dampers (52) . A typical MSD model has much fewer elements than a typical musculoskeletal system model, as tissues in MSD models are grouped together as 1 element of the model. Because of the limited number of elements, MSD models may be easier to use and interpret than musculoskeletal models (52) . The other advantage of this model is that in vivo biomechanical data can be used as input for dynamic models to analyze movements. This model requires certain assumptions with regard to material properties and anatomy (58) . Nonetheless, an MSD model may serve as an extension of coupled biomechanical-epidemiological motion analysis data to relate VGRFs and external loading conditions to ACL strains (58) . The addition of MSD model data to biomechanical data traditionally used to estimate ACL injury risk, such as the landing knee abduction moment during a drop vertical jump maneuver, may enhance preparticipation screening of athletes. Clinicians using an MSD model may consider limb stiffness symmetry in addition to more commonly used measures during screening to identify a greater number of athletes with biomechanical asymmetries. These athletes may then be enrolled in neuromuscular training protocols and their progress continually monitored with the same biomechanical measurements to reduce the risk of injury during play.
This prospective cohort biomechanical study and technical report used a novel MSD model to determine the lowerlimb kinetics during single-limb landing in a group of patients who had undergone ACLR and returned to play compared with those in a healthy control group (CTRL). For this study, a single mass MSD model with a linear spring and a linear damper (9, 13, 16 ) was used and is described below:
The force produced by the spring is Fs = kspring 3 L. The force produced by the damper is Fd = kdamper 3 V. given that L is the length of the spring (leg deformation) and V is the velocity of the mass. The model was developed by one of the authors (E.O.) and coded in MatLab (MathWorks, Natick, MA, USA) and applied to the VGRF. The constants kspring and kdamper as well as the drop height were optimized using the polytope search algorithm available in MatLab to fit the sum of Fs and Fd to the filtered ground reaction force data. Displacement of the center of mass is determined through the double integration of the VGRF divided by the mass of the subject. The resulting spring and damping constants were considered independent variables in the study, whereas the type of landing was considered as the dependent variable. Spring and damping constants in the ACLR group were then compared with those in the CTRL group. Interlimb comparisons of the spring and damping constants were also made within the ACLR group.
Subjects
A total of 103 subjects involved in running/cutting sports were included in this study. The ACLR group was comprised of athletes who had undergone unilateral ACLR and returned to full participation in their primary sport within 1 year after surgery. Subjects in the ACLR group were asked to bring 1 to 2 matched teammates to be tested. These uninjured teammates served as the CTRL group (Table 1) . Sixtyseven subjects (45 male, 22 female) served as the CTRL group and 36 subjects (10 male, 26 female) comprised the ACLR group. The sports played by subjects in each group at the time of testing are displayed in Figure 1 . For the CTRL group, 78% indicated past participation in resistance training compared with 83% indicating resistance training experience in the ACLR group. The study was approved by the institutional review board at Cincinnati Children's Hospital Medical Center, and all participants (age, 14.1-22.2 years) and guardians (if necessary) were informed of the benefits and risks of the investigation before signing an institutionally approved informed consent document to participate in the study. Participants completed a questionnaire to characterize their knee injury history. This history was confirmed through a personal interview with investigators. All testing occurred in a single day in early June.
Procedures
Data collection took place on 1 day in a setting designed to mimic National Football League Combine testing procedures, but with certain modifications (47) . At each testing station, the same member of the research team instructed participants on how to properly perform the appropriate test and also demonstrated proper performance of the task. If a task was performed incorrectly or data could not be recorded, the participant immediately stopped and rested. As a result of participants' previous experience in running/cutting sports with demands similar to those of the tested tasks, proper test performance frequently occurred after 1 practice trial by each participant. The order of limb testing was counterbalance randomized. Participants were given a minimum of 2 minutes of rest and were encouraged to wait until they achieved full recovery after each testing station before testing the opposite limb or transferring to the next station. Before the testing session, analyses were performed on the testing force plates to assess reliability of single-leg jumping and landing measures. During reliability testing and calculation of intraclass correlation coefficients (ICC), the single-leg vertical hop test showed good to excellent within-session reliability for peak power of both the right (ICC = 0.942) and left (ICC = 0.895) sides. Jump height showed excellent withinsession reliability for both the right (ICC = 0.963) and left (ICC = 0.940) sides. The between-session reliability for peak power between jumps was good for the right (ICC = 0.748) and left (ICC = 0.834) sides. Jump height showed good to excellent between-session reliability on the right (ICC = 0.794) and left (ICC = 0.909) sides (28) .
Anthropometric data (height and mass) were collected using a standard stadiometer (Weigh and Measure, LLC, Maryland, USA) and a digital scale (Tanita Health Equip. HK Ltd., Hong Kong, China). Limb dominance was determined by asking participants which leg they would use to kick a ball a maximum distance. Data from 2 jump tasks, described below, were analyzed for this study. Although nutrition and hydration were not controlled variables in this study, ACLR group participants' testing was matched for the time of day with CTRL group participants to limit the potential confounding effects of these variables.
Single-Leg Drop Landing. Each subject was given a demonstration of a single-leg drop landing from a box height of 0.31 m (17). Subjects were instructed to drop the box, land on the ipsilateral foot directly in front of the box, and hold the landing for 3 seconds. Three randomized trials were performed for each limb. Two portable force platforms (AMTI, Accupower) were used to collect landing force data. The portable force platforms used in this study were previously compared with laboratory mounted force platforms and demonstrated higher validity and reliability (62) . Time history of the VGRF was measured after the dropping of the box during the landing phase.
Single-Leg Forward Broad Jump. Subjects were instructed to line up at their individual starting positions located at 50% of their maximum double-limb broad jump distance (taken from a previous test). Subjects were instructed to initiate the 
Statistical Analyses
Descriptive statistics were calculated to characterize the study population and independent t-tests were used to compare group demographic data. Landing force data were expressed using LSIs. In the ACLR group, the LSI was calculated as the value of the spring or damper constant in the involved leg divided by that of the uninvolved leg and as the dominant leg divided by that of the nondominant leg in the CTRL group multiplied by 100. Therefore, an LSI of 100% represents complete symmetry between the limbs. LSIs for each trial were used to calculate mean LSIs for each subject in each specific task. Asymmetry was calculated as the difference between 1 and the LSI multiplied by 100 and was expressed as a percentage value with positive values indicating involved or nondominant limb deficits and negative values indicating uninvolved or dominant limb deficits. As data were nonparametric, the Wilcoxon signed-rank test was used for within-group comparisons and the MannWhitney test was used for between-group comparisons. Medians and interquartile ranges (the difference between 25th and 75th percentiles) were reported. Statistical significance was judged by an alpha level of 0.05. Tables 2 and 3 present the mean spring and damping values for both groups during each task. The results from the single-leg forward broad jump are shown in Table 5 . For this task, the ACLR group (111.7%) had a greater spring LSI than the CTRL group (90.3%; p = 0.045). The damping LSI was lower, but not to a significant degree, in the ACLR group (96.4%) than in the CTRL group (105.0%; p = 0.081). There were no significant interlimb differences in spring or damping values in either group.
RESULTS
DISCUSSION
Biomechanical data have been used extensively to evaluate risk factors for ACL injury and deficits after ACL injury and surgical reconstruction (11, 18, 23, 25, 44, 47, 48, 53, 54, 57, 64, 66) . However, at present, these data have yet to adequately address the property of leg stiffness. As both too much and too little stiffness have been related to injury, (9) it is important for researchers to continue to investigate methods and models for the evaluation of leg stiffness. The purpose of this study was to use an MSD model to evaluate lower-limb landing kinetics during 2 jumping tasks in uninjured athletes and athletes who had previously undergone ACLR. The data supported the a priori hypotheses that subjects who had undergone ACLR would display different lower-limb kinetics than a healthy control group and that the ACLR subjects would display different kinetics on their involved limb relative to their uninvolved limb.
Both individual muscle stiffness and damping increase with increased muscle activation. (5,10,33,39) These 2 properties are highly coupled by the (length-force, length-velocity) volume of the particular muscle that is activated (50) . On a larger scale, whole-limb stiffness depends not only on muscle stiffness but also on the geometry of the leg itself, because limb stiffness increases with knee extension. The current findings indicate that ACLR athletes land with decreased involved limb stiffness (decreased spring constant values as calculated by the MSD model) relative to healthy counterparts during a single-leg drop landing task. Subjects who had undergone ACLR had decreased spring LSIs relative to the CTRL group, indicating that the ACLR cohort landed less stiffly on their involved leg than the CTRL group did on their nondominant legs. Furthermore, the ACLR group exhibited a greater damping LSI than the CTRL group. This relationship persisted when directly comparing the ACLR group involved limb with the CTRL nondominant limb, as ACLR subjects landed on their involved limbs with decreased stiffness and increased damping. However, in the single-leg broad jump task, the ACLR athletes landed with a significantly greater spring LSI than the CTRL group. In addition, the ACLR group landed with a lower damping LSI than the CTRL group. Together, these results indicate that involved limb spring and damping characteristics in ACLR subjects may be task specific.
The task-specific landing strategies may be influenced by the athletes' height above the ground while jumping. The current data suggest that as athletes land from a greater height above ground level, as in the single-leg drop landing task, leg stiffness in the ACL-involved limb decreases while damping increases. Kinematic data were not collected in this study; however, increased knee flexion is the main method to decrease limb stiffness while muscle activation is constant. Overdamping, as seen in the ACLR group in the single-leg drop landing task, may serve to limit knee angle excursion (i.e., peak knee flexion) during landing. Decreased peak knee flexion angle has been reported as a predictor of ACL injury in female athletes (25) . Therefore, the decreased limb stiffness observed in the involved limbs of ACLR group participants relative to the nondominant limbs of CTRL group participants may result in compensatory overdamping through quadriceps activation. The current cohort included an increased proportion of females, and this strategy is consistent with 2 previously reported neuromuscular imbalances commonly noted in female athletes at high risk for ACL injury (26, 40, 43) . Quadriceps dominance refers to the tendency toward greater quadriceps recruitment relative to hamstrings recruitment (24, 43) . For example, an ACLR athlete playing volleyball and landing after attempting a spike may initially contact the ground with greater knee flexion than a healthy peer. Based on the current data, a healthy athlete may be more likely to exhibit increased peak knee flexion whereas a similar athlete after ACLR may be more likely to use increased eccentric quadriceps activity that prevents him/her from achieving similar peak knee flexion angles. Although quadriceps dominance is a risk factor for ACL injury (24) , it is unknown whether the strategy to initially decrease stiffness while landing is present before ACL injury or is a result of neuromuscular adaptations after ACLR. The current model may aid in the further investigation of this question through the testing of healthy athletes followed by injury surveillance.
The neuromuscular imbalance known as leg dominance was also observed in the landing strategies of the ACLR cohort. Subjects who had undergone ACLR landed with lesser stiffness and damping on their involved limbs relative to their uninvolved limbs during the single-leg drop landing task. This asymmetry was not observed in this subset during the single-leg broad jump task. These data further support a theory of task-specific landing strategies in ACLR athletes and indicate that these athletes may display greater interlimb differences in landing kinematics during athletic maneuvers as height above the ground increases. Side-to-side deficits in strength and coordination are commonly reported as predictors of injury risk, and may increase the risk for both limbs (4, 25, 32, 43) . Decreased stiffness has been previously implicated in the etiology of musculoskeletal injury, and these data indicate that ACL-involved knees may be at greater risk during landing maneuvers with greater vertical and lesser horizontal velocities (2, 21) . A spring-damper model may serve as a valuable adjunct to 3D motion analysis data in that it may identify and track side-to-side asymmetries in stiffness so that they may be corrected through rehabilitation before sports participation.
Given the high reinjury rates in patients who return to sports involving pivoting and cutting after ACLR (1, 55, 56, 58, 59, 63, 67) , prevention strategies should have more priority during rehabilitation (41, 42, 45, 46) . Previous investigators implemented a jump-training program to examine the alterations of landing mechanics (27) . The program was focused on teaching subjects to land "softer," thereby decreasing lower-extremity stiffness. As a result of the jump-training program, subjects were able to decrease peak VGRF and reduce knee adduction and abduction moments while exhibiting similar knee flexion during landings. These data indicate that stiffness may be altered through training, and that the alteration can influence the loads experienced by the lower extremity, thereby potentially decreasing the risk of injury in healthy athletes. Recently, investigators demonstrated that simple instructions during a single-leg hop resulted in significant improvement of landing kinematics in patients after ACLR (19) . Those patients who received instructions with an external focus of attention (focus on the outcome) landed more softly, that is, with increased knee flexion. Patients who received internal focus instructions (attention directed to body movements) had, compared to those who received external focus instructions, unfavorable lower knee flexion angles. Both of these examples are indications that specific biomechanical risk factors can be effectively modified in healthy athletes to reduce their risk of subsequent ACL injury. The current MSD model may provide a more valid estimate of limb stiffness than VGRF and could be used alongside VGRF and other motion analysis data during screening and in injury prevention and rehabilitation programs to identify and correct landing asymmetries in at-risk and injured athletes.
The model used in this study is very simple and describes the overall stiffness and damping properties of the limbs during landing. The fitting of the model to previously collected data increases the ease with which comparisons can be made. However, a link to actual kinematic data would have allowed for further investigation of these comparisons and forms a limitation in this study. A greater proportion of the ACLR cohort was females compared with the control group. Differences in landing biomechanics have been reported between sexes and may exist in this study, but sex-specific analysis is beyond the scope of the current report, the aim of which was to compare lower-limb kinetics of ACL-injured and healthy athletes with an MSD model.
PRACTICAL APPLICATIONS
The MSD model used in this study identified differences in lower-limb kinematics during 2 jumping tasks between healthy athletes and their peers who have undergone ACLR. These data indicated quadriceps dominance and leg dominance, which likely played a role in primary risk for ACL injury, persists in the landing strategies of athletes who undergo reconstruction and hope to return to sports after ACL injury. The proposed MSD model may be a sensitive tool to support strength and conditioning practitioners in the identification of these previously reported imbalances. More importantly, the simplicity and limited equipment needed for this analysis indicate that the proposed MSD model may support practitioners in the longitudinal monitoring of athletes' responses to neuromuscular training protocols aimed at correcting biomechanical asymmetries to mitigate the risk of injury related to inadequate dynamic control.
